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I. INTRODUCTION
Surface plasmons (SPs) are collective charge oscillations on metal surfaces which can greatly influence surface properties such as chemisorption and surface optics. [1] [2] [3] [4] [5] The dispersion of the surface plasmon energy as a function of parallel momentum transfer (q jj ) provides rich information on the fundamental nature of the charge screening at the surface.
1, 5, 6 Recently, surface plasmon based circuits have connected the fields of photonics and electronics at the nanoscale, giving rise to an exciting area for applications of surface plasmon, the so-called plasmonics. [7] [8] [9] It should be pointed out that the plasmonic devices are normally prepared and used in air, and the most commonly employed materials include noble metals such as Ag. The surface of these devices unavoidably includes oxidation, gas adsorption, or other environmental contaminations. Since the surface plasmon originates from the electron excitations in a thin region near the surface, it is of fundamental importance to reveal the intrinsic plasmon property as well as the influence of adsorption or oxidation layer on the surface plasmon excitation. The surface plasmon excitation and dispersion of clean bulk Ag surface or Ag film surface has been investigated quite extensively, in particular by electron energy loss spectroscopy (EELS) in ultrahigh vacuum (UHV).
1,4 Different from the SP in alkali metals, the surface plasmon dispersion of Ag surface shows a positive slope at q jj ¼ 0, which is considered as a result of the screening effect of the 4d electrons of Ag. The surface plasmon can be modulated on Au(111) by alkane thiol self-assembled monolayers, 10 Ag(001) by oxygen 11 and Ag(111) by chlorine, 12 while no quantitative controlling of SPs was reported in previous works. Thus, investigation of the influence of adsorbates on SPs and further controlling of SPs is necessary, which requires more systematic works.
Moreover, through more systematic investigations on such effect, it is possible to result in tunable SPs by surface engineering. The interface between metals and organic molecules can host many novel properties which have attracted considerable attention in recent years. [13] [14] [15] Energy levels at organic/metal interfaces can be tuned by adsorption of strong electron accepting molecules on metal surfaces. 14, 16 One of the promising molecules is F4-TCNQ with a high electron affinity (E A ¼ 5.24 eV) which can greatly lower the hole injection barrier, 14 and is an effective adsorbate to tune the concentration of charge carriers at metal surfaces, providing possibility to the tuning of surface plasmon.
In this paper, we present a systematic study of surface plasmon dispersion of Ag(111) modulated by adsorption of F4-TCNQ molecules. After depositing molecules on Ag(111) surface, we observed significant changes of the surface plasmon of Ag(111), which can be controlled by the coverage of molecules. We give a qualitative explanation on these results considering the charge transfer between the Ag(111) and F4-TCNQ. Our works provide a way to tune the surface plasmon dispersion of Ag(111) and give some clues to the electronic structure of the organic/metal interfaces, which is helpful to the application of surface plasmon in plasmonics and other related areas.
II. EXPERIMENTAL
Experiments were carried out in an UHV system consisting of a preparation chamber (base pressure 5 Â 10 À11 mbar) and an analysis chamber (base pressure 5 Â 10 À11 mbar). The analysis chamber is equipped with EELS (LK5000), low energy electron diffraction (LEED), x-ray photoelectron spectroscopy (XPS), and scanning tunneling microscope (STM). The Si substrates were cut from a borondoped (n-type) silicon wafer with resistivity of 0.0018-0.0021 XÁcm, and were flashed to approximately 1200 C to obtain clean Si(111)7 Â 7 reconstruction surface whose cleanness was examined by STM. Ag was evaporated from a Knudsen-Cell onto the Si substrate. To obtain atomically flat Ag(111) film, we adopted the two-step process, 17, 18 i.e., Ag was first deposited on Si(111) substrate at low temperature (about 110 K), and then annealed to room temperature gradually. F4-TCNQ was evaporated from a tungsten-wired crucible onto the Ag film at room temperature. After growth, the sample was transferred to the analysis chamber for XPS, STM, and EELS measurements without breaking the vacuum. EELS measurements were carried out at room temperature with primary electron energy of 24 eV and incident angle of 65 with respect to the surface normal. Curves of different q jj were obtained by rotating the analyzer around the specular direction while keeping the sample and monochromator fixed. 
III. RESULTS AND DISCUSSIONS
We first grew a Ag film (15 ML) on Si(111) using the method mentioned above. A typical STM image is shown in Fig. 1(c) , showing the cleanness and high crystallinity of our film. The Ag film follows the stepped morphology of the silicon substrate, with a few monolayer islands that are due to slight excess of the Ag atoms. The energy loss spectra showing the surface plasmon of the pristine Ag(111) are presented in Fig. 1(a) for different q jj , and the derived dispersion is displayed in Fig. 1(b) . The solid line in Fig. 1(b) is the best parabolic fit to the data. It is evident from the data that the dispersion is positive at even small q jj . These results are in good agreement with previous reports. [18] [19] [20] The plasmon energy at vanishing wave vector is about 3.83 eV, which is higher than the value 3.684 eV for bulk Ag(111). 21 This value is also slightly higher than our previous value in Ref. 18 , which is 3.77 eV for 13 ML Ag film. This might originate from the higher quality of our Ag film and improved condition of the EELS system. The positive dispersion of silver can be explained by the s-d polarization model, 22 which is also applicable to Au (Ref. 10) and Hg (Ref. 23 ). In this model, the 5s conduction electrons are treated as a semi-infinite homogeneous electron gas while the influence of the fully occupied 4d bands is described as a polarizable medium which has a screening effect on the 5s electrons. F4-TCNQ molecules were then deposited onto the asprepared Ag film. When the surface was examined by STM, we found only a morphology similar to a clean Ag surface without visible adsorbed molecules. The background noise of the STM image increases notably. This indicates that the molecules are not fixed; instead, they move around on the surface, forming a kind of "molecular gas." 24, 25 This is probably because the interaction between the molecules and the Ag film is too weak and the thermal energy at room temperature is enough to activate the molecules to move freely on the surface. Figs. 2(a) and 2(b) show the energy loss spectra of F4-TCNQ on Ag(111) and the derived surface plasmon dispersion curve, respectively. The coverage of F4-TCNQ is 14% which is obtained from XPS experiments, and is defined as the ratio of fluorine atoms to silver atoms in the penetration depth of X-ray. From the dispersion curve, we can find two marked changes. One obvious change is that the dispersion of surface plasmon of Ag becomes negative at small q jj (<0.13 Å
À1
). The other is that the plasmon energy decreases significantly compared to that of pristine Ag film. Fig. 2(c) displays the surface plasmon dispersion of F4-TCNQ on Ag(111) at different coverage of molecules. The dispersion curves in Figs. 1(b) and 2(b) are reproduced here for comparison. From these curves, dispersion at different coverage shows the same two changes, i.e., negative slope at small q jj and smaller plasmon energy. The degree of changes increases systematically with the increase of the coverage of F4-TCNQ molecules.
We fit our energy dispersion using quadratic relation
21, 26 The fitting parameters are shown in Table I . We find that the plasmon energy at vanishing wave vector (E 0 ) is almost unchanged by the adsorption of molecules. This is probably because the changes at the surface have smaller effect on the plasmon energy due to the large penetration depth of the plasmon field at small wave vector.
To interpret these interesting behaviors, we consider the charge transfer between Ag(111) and F4-TCNQ. Although at room temperature and small coverage, F4-TCNQ are moving around on the Ag(111) surface and not fixed at particular adsorption sites, previous studies on the adsorption nature of F4-TCNQ on metals are helpful to understand the interaction at the interface. For example, F4-TCNQ monolayer on Au(111) surface was investigated experimentally by low temperature scanning tunneling microscopy showing that the highest occupied molecular orbital (HOMO) of the molecule-metal system is mainly located on the electron accepting F4-TCNQ, 27 and the electronic structure of F4-TCNQ on Ag(111) was calculated by G. M. Rangger et al. (111) is higher than the lowest unoccupied molecular orbital (LUMO) of F4-TCNQ. Therefore upon deposition of F4-TCNQ on Ag(111), electrons will transfer from Ag(111) to F4-TCNQ, as has been supported by both theoretical and experimental reports. 28, 29 Indeed, according to Ref. 28 , the charge rearrangement at this interface is rather complex, incorporating forward and backward donation of charges and geometry changes induced by the adsorption. But the net charge transfer from Ag(111) to F4-TCNQ remains valid.
Based on the above charge transfer scheme, the influence of F4-TCNQ on the surface plasmon dispersion of Ag(111) can be explained as follows. We suppose that charge transfer from Ag to F4-TCNQ is limited to the Ag 5s shell while the dielectric medium representing the 4d-band remains unaffected by the adsorption. Indeed, d-band of silver plays an important role in the interaction with F4-TCNQ. 30 But the contribution by antibonding d-band only slightly outweighs that of the bonding ones, resulting in a rather small, and negative total overlapping population. This is far outweighed by the contribution from the s-band and thus can be neglected. 30 The transferred electrons occupy the more tightly bound LUMO of F4-TCNQ and do not take direct part in the plasmon oscillation. Additionally, this charge transfer effect has been averaged instead of localized in some specific sites at room temperature due to the formation of the "molecular gas" on the Ag(111) surface, which is beneficial for the propagation of surface plasmon. The charge transfer modifies the s electron density in two opposite ways: 2 it leads to (i) a steeping and (ii) an inward shift of the density profile. A steeper density is less polarizable, so that higher density regions must be involved in the surface screening processes. This effect causes an increase of the surface plasmon energy. The inward shift of the s electron density profile, on the other hand, pushes the fluctuating surface charge towards the 4 d states and thereby enhances the s-d polarization interaction. Thus, the second effect leads to a decrease of the surface plasmon energy. Taking account of both effects, the decrease of the plasmon energy in our experiment is an indication that the latter effect overweighs the former one. The ratio of the two effects should be different at different q jj , and this produces a critical point below which the slope become negative.
The full width at half maximum (FWHM) of the surface plasmon peak of Ag(111) as a function of q jj and coverage of molecules is plotted in Fig. 4 . For pristine Ag(111), FWHM shows a negative initial dispersion and after a critical point, the dispersion becomes positive. The initial decrease of FWHM has also been observed in Mg and Hg films, which is ascribed to the effects of lattice potential. 23, 31 The abrupt increase of FWHM originates from interband transition upon the formation of quantum well states. 18 After deposition of molecules, the intensity of the plasmon peak usually decreases by about one order of magnitude. The FWHM increases significantly while the initial negative and then positive dispersion remains, which shows much stronger damping upon the adsorption of molecules. Indeed, the molecules on Ag(111) can serve as scattering centers, lowering the lifetime of surface plasmons.
2 This explains the increase of the background of FWHM after adsorbing molecules.
IV. CONCLUSION
We have investigated the surface plasmon dispersion of Ag(111) modulated by F4-TCNQ using HREELS, and observed two marked changes after adsorption of F4-TCNQ. One is that the positive dispersion switches sign to be negative at small q jj and the other is that the plasmon energy is significantly lowered compared to that of pristine Ag(111). These effects have been interpreted qualitatively considering the charge transfer from Ag(111) to F4-TCNQ. Our works provide a method to tune the surface plasmon and dispersion of Ag(111) and supply some information for the electronic structure of the organic/metal interfaces, which is helpful to the use of surface plasmon in plasmonics and other related areas.
